Gecko (Gekko japonicus) extracts have been used in traditional Chinese medicine for many years. It has been proven that the gecko polypeptide mixture (GPM) extracted from gecko can inhibit the growth of multiple types of tumor cells. In order to investigate the possible anti-tumor molecular mechanisms of GPM, we used RNA-seq technology to identify the differentially expressed genes (DEGs) of human hepatocellular carcinoma (HCC) HepG2 cells treated with or without GPM. MTT assay was used to detect the viability of HepG2 cells. DAPI fluorescence staining was performed to observe morphological changes in the nuclei of HepG2 cells. Western blot analysis was applied to observe the expressions of apoptosis-related and endoplasmic reticulum stress (ERS)-related proteins in HepG2 cells. Flow cytometry assay was performed to detect the apoptosis and reactive oxygen species (ROS) in HepG2 cells. Our results showed that GPM inhibited HepG2 cells proliferation and induced the apoptosis of HepG2 cells. RNA-seq analysis suggested that the ER-nucleus signaling pathway involved in the anti-cancer molecular mechanism of GPM. Therefore, GPM may induce apoptosis in HepG2 cells via the ERs pathway.
Introduction
Hepatocellular carcinoma (HCC) is the 6th most common cancer and the third leading cause of cancer mortality worldwide [1] . A number of epidemiological studies report that the risk factors, implicated in the onset and development of HCC, include alcohol abuse, aflatoxin contamination in food, and hepatitis B virus (HBV) or hepatitis C virus (HCV) infection. Characterized by a high incidence and a low survival rate, HCC represents a substantial health problem worldwide [2] [3] [4] . Furthermore, HCC cells are highly aggressive and typically spread to other organ, which leads to distant metastases and poor survival rates [5, 6] . Therefore, it is of utmost importance to search for novel therapeutic agents against HCC and explore the related cytotoxic molecular mechanisms.
Currently, conventional chemotherapy drugs are often associated with the development of drug resistance and serious adverse reactions. Consequently, the high efficiency and low toxicity of natural anti-tumor medicines extracted from plants and animals may be a new strategy to treat cancer [7] . Gecko extracts, has been shown to inhibit the growth of various tumor cells, such as SiHa, EC109, SMMC7721 cells [8, 9] . With the development of genomics, transcriptomics, proteomics, and metabolomics technologies, RNA-seq technology has been widely used in recent years [10] . Compared with traditional sequencing methods, RNA-seq technology has the advantages of high throughput, low cost, high sensitivity, and good repeatability [11] [12] [13] , and the RNA-seq technique can accurately identify alternative splicing sites, single nucleotide polymorphisms (SNPs), and the untranslated region (UTR) [14, 15] .
To reveal the molecular mechanism of GPM, we used RNA-seq technology to compare and analyze mRNA expression in HepG2 cells treated with GPM. Our study shows the systematic anti-cancer mechanisms of GPM in HepG2 cells. The gene expression profile suggests that DEGs are mainly involved in apoptotic processes and the endoplasmic Ivyspring International Publisher reticulum (ER)-nucleus signaling pathway. Our results reveal that differentially expressed genes (DEGs) are mainly enriched in protein processing in the ER. GPM can inhibit cell proliferation and induce apoptosis in HepG2 cells via endoplasmic reticulum stress (ERS). 
Materials and methods

Cell culture and drugs
Gekko japonicus
Sample Name Group 1 Con_0 h Control 2 GPM_6 h_03 GPM-6h (0.3 mg·mL -1 ) 3 GPM_12 h_01 GPM-12h (0.3 mg·mL -1 ) 4 GPM_12 h_02 GPM-12h (0.3 mg·mL -1 ) 5 GPM_12 h_03 GPM-12h (0.3 mg·mL -1 ) 6 GPM_12 h_04 GPM-12h (0.3 mg·mL -1 ) 7 GPM_24 h_03 GPM-24h (0.3 mg·mL -1 )
Preparation of GPM
Gecko powder (100 g) was homogenized in 400 mL double-distilled water. Following centrifugation at 5,600g for 5 minutes, the precipitate was resuspended in 400 mL of 55% ethanol. The supernatant was then collected following centrifugation at 5,600g for 5 minutes, and evaporated under reduced pressure at 55˚C. Subsequently, the resulting yellow powder was collected after freeze-drying the liquid residue. Gel filtration chromatography (Sephadex G-25) was used to purify the yellow powder, and ultimately, the GPM was collected.
Cell culture and morphological observation
HepG2 cells were cultured in DMEM supplemented with 10% FBS at 37˚C in a humidified 5% CO 2 incubator. The culture medium was replaced every 2 days and the cells in the logarithmic growth phase were used for the following experiments. To stain the nuclei, HepG2 cells were incubated in various concentrations of GPM for 24 hours, and then stained with DAPI for 10 minutes. The cells were observed and imaged with a florescence microscope.
MTT assay
HepG2 cells were seeded in a 96-well plate at a density of 2.5 × 10 4 cells/well. After incubation for 2, 8, and 20 hours, 20 µL of the MTT reagent (5 mg·L -1 ) was added per well and incubated for another 4 hours. The supernatant was removed and 200 µL of dimethyl sulfoxide (DMSO) was added. The absorbance (A) was measured with an ELX800 Universal Microplate reader at 490 nm. The cell proliferation inhibition rate (IR) was calculated as follows: IR = (1-A GPM /A control ) × 100%.
Flow cytometry analysis
Targeted cells were digested with trypsin (EDTA free), and 1 × 10 5 cells after they were rinsed twice with PBS and cenctrifuged at 2000 r·min -1 for 5 min. A volume of 500 µL Annexin V-Binding Buffer, 5 µL Annexin V-flurescein isothiocyanate (FITC), and 5µL propidium iodide were then mixed with cells successively for reaction at room temperature for 15 min in darkness. Flow cytometry was applied to detect cell apoptosis.
RNA extraction and sequencing
Cells were cultured in 10 cm plastic culture dishes and treated with GPM for 6, 12, and 24 hours. All samples were analyzed in biological triplicate. The experimental grouping of RNA-seq samples is shown in Table 1 . Total RNA was isolated using TRIzol TM Reagent (Invitrogen) according to the manufacturer's instructions. RNA samples were sent to the Beijing Genomics Institution (BGI, Shenzhen, China), which performed RNA library construction and sequencing. The quality of total RNA was tested on Bioanalyzer 2100 (Agilent). The library was constructed using cDNA, which used random primers to shear and reverse transcribe the RNA. The library quality was verified by using Bioanalyzer 2100 (Aligent). Then, the library sequencing was performed by the sequencing platform BGISEQ-500 (BGI). All of the generated raw sequencing reads were filtered to remove reads with adaptors, in which unknown bases are more than reads 10%, and low quality reads. The original sequence data have been submitted to the database of the NCBI Sequence Read Archive, and the accession number is SRP110647. Bowtie2 was used to map clean reads to reference genes and HISAT was used map clean reads to reference genomes. RSEM was used to quantify the gene expression levels. The DEGs between two groups were screened by the NOIseq method. For the NOIseq method, samples were first grouped so that pairwise control-treatment groups could be compared. The provided group information is as follows. Finally, the DEGs were screened according to the following default criteria: Fold change ≥ 2 and diverge probability ≥ 0.8. Annotation analysis of Gene Ontology (GO) was performed for screened DEGs. The WEGO software was used for GO functional classification. If the corrected P value was less than 0.05, this GO item was enriched to describe the difference in the functional distribution between the compared samples. Pathway enrichment analyses of DEGs were based on KEGG database (http://www.genome.jp/kegg/pathway .html) through statistical tests to identify the differential gene involved in the cell transduction pathway and metabolic pathways. The proteinprotein interaction network of DEGs was analyzed using Cytoscape (3.5.0) according to the program instructions.
Quantitative polymerase chain reaction (q-PCR) analysis
HepG2 cells were exposed to GPM for 6, 12, and 24 hours, followed by total RNA extraction. Then, RNA was reverse transcribed to cDNA using a cDNA synthesis kit (Vazyme Biotech, Nanjing, China). Quantitative polymerase chain reaction (qPCR) analysis was performed as follows: denaturation at 95°C for 5 minutes, and 40 cycles of 95°C for 10 seconds and 60°C for 30 seconds. qPCR was performed using a BioRad CFX Real-Time PCR machine (Bio-Rad, USA) with SYBR Green Master Mix (Vazyme, Biotech, Nanjing, China). The specific primer sequences using in this study are listed in Supplementary Table 3 . All samples were analyzed in biological triplicate. The comparative cycle threshold method (2 -ΔΔCt method) was used to analyze the expression levels of the different genes.
Determination of intracellular reactive oxygen species (ROS)
The fluorescent probe, DCFH-DA, which does not fluoresce, was used to detect intracellular ROS. After entering the cells, DCFH-DA is hydrolyzed to DCFH. Then, intracellular ROS oxidizes DCFH to produce fluorescent DCF. The intracellular ROS level was measured by detecting the fluorescent intensity of DCF. Briefly, 2 × 10 5 HepG2 cells were plated in 6-well plates. The following day, cells were treated with different concentrations of GPM (0 mg·mL -1 , 0.1 mg·mL -1 , 0.2 mg·mL -1 , 0.3 mg·mL -1 ). Then, after removing the cell medium, cells were incubated in 10 μM DCFH-DA (diluted in serum-free medium) for 20 minutes at 37°C in darkness. The cells were collected and washed with PBS after centrifugation. The DCF fluorescence was detected by a flow cytometer (BD Bioscience).
Western blotting
HepG2 cells (2.5 × 10 5 ) were plated in 6-well plates and treated with different concentrations of GPM (0 mg·mL -1 , 0.1 mg·mL -1 , 0.2 mg·mL -1 , 0.3 mg·mL -1 ) for 24 hours. The cells were washed with ice-cold PBS, and 60 μL of RIPA lysis buffer (Solarbio, Beijing, China) was added to all samples. The protein concentrations were detected by a BCA protein assay kit (Solarbio, Beijing, China). Then, the proteins were separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (PALL, USA). The membranes were blocked with 5% skim milk for 2 hours at 37°C, and then incubated in primary antibodies, including anti-PERK, anti-GRP78, anti-ATF4, anti-CHOP, anti-PARP, and anti-caspase-3, overnight at 4°C. On the following day, the membranes were incubated in HRP-labeled secondary antibodies (goat anti-rabbit) at 37°C for 1 hour. All antibodies were purchased from Proteintech (Wuhan, China). The eECL Western blot kit (cwbiotech, Beijing, China) was used to detect the signals (BioRad, USA). Results from the Western blots were analyzed by Image J software.
Statistical analysis
All values were presented as mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism Software. * indicates the values are significantly different than the control (*P<0.05, **P<0.01).
Results
GPM inhibits HepG2 cell proliferation and induces apoptosis
To verify the effect of GPM on the proliferation of HepG2 cells, we performed an MTT assay to measure cell viability after treating the cells with different concentrations of GPM. In this study, the results showed that GPM effectively inhibited HepG2 cell proliferation. The inhibitory rate was increased in a time-and dose-dependent manner (Figure 1 ). The inhibitory rate of 0.3 mg·mL -1 GPM were 33.81%, 41.87% and 66.57% at 6, 12 and 24 hours respectively. IC 50 values were 0.464 mg·mL -1 , 0.316 mg·mL -1 , 0.242 mg·mL -1 at 6, 12, and 24 hours, respectively. The typical morphological changes of apoptosis, such as chromatin condensation, nuclear fragmentation and reduced cell volume, were observed in the nuclei of HepG2 cells (Figure 2A ). Apoptosis-related cleaved poly ADP-ribose polymerase (PARP) and cleaved cysteinyl aspartate specific proteinase-3 (caspase-3) protein expressions were also notably up-regulated ( Figure 2B and C). Flow cytometry assay results showed that cell apoptosis rate in control group was 1.46% while the rate was 7.20%, 12.44% and 24.99%, respectively in GPM group. There is significant different between the control and different dose GPM group ( Figure 2D) . Altogether, these data indicate that GPM inhibits HepG2 cell growth and induces apoptosis in vitro. 
Global gene expression profile of HepG2 cells treated with GPM
In this study, we sequenced 21 samples of GPM-treated HepG2 cells using RNA-seq technology to generate 23,979,455 raw sequencing reads, and 23,895,941 clean reads were obtained after filtering low quality reads. The average genome mapping ratio was 94.73 % (Supplementary Table 1 Table 2 ), as shown in the "volcano plot" of gene expression profiles ( Figure 3A) . The other pairwise volcano plots of all expressed genes are shown in Supplementary Figure 1 . In particular, the histogram revealed significant up-regulation and down-regulation of DEGs in each pairwise group ( Figure 3B ). These data have shown a dose-dependent effect of GPM in HepG2 cells after 12 hours of treatment.
To test and verify the accuracy of the next generation sequencing results, we performed q-PCR analysis of nine selected genes ( Figure 3C ). The fold changes (Log2) of the DEGs are shown in parentheses under the corresponding genes from the RNA-seq data. These two gene expression analysis platforms demonstrated concordant results.
Gene Ontology analysis of DEGs
We screened the DEGs for GO enrichment analysis, which were analyzed by multiple hypotheses testing. Comparing the DEGs of the blank control cells and the GPM-treated (0.4 mg·mL -1 for 12 hours) cells, 1713 GO entries were generated after being annotated by the GO classification system. These GO entries were related to cell components (179 entries), molecular function (184 entries) and biological processes (1350 entries), respectively. The cell components were significantly enriched in the cytoplasm. The significantly enriched molecular function focused on ligase and protein binding activity. The significantly enriched biological processes included ER signaling pathways, ERS, stress intracellular responses, protein phosphorylation, amino acid activity, angiogenesis, signal transduction and programmed cell death. The same results were observed in other pairwise comparisons (Supplementary Figure 2) . The GO terms list and histogram are shown in Table 2 and Figure 4A . 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs
To better understand the molecular mechanisms of GPM in HepG2 cells, we performed the KEGG enrichment analysis for DEGs. By comparing the DEGs of the cells, which were treated with control and 0.4 mg·mL -1 GPM, the DEGs were enriched in 252 pathways. The significantly enriched pathways included the metabolic pathway, tumor signal pathway and protein processing in ER, which were enriched in 54, 32, 24 DEGs, respectively. The top 20 most enriched pathways are shown in a scatter plot ( Figure 4B ). More detailed information about the standard for ranking these pathways is included in Table 3 . The majority of DEGs in the "protein processing in ER" pathway were up-regulated in GPM-treated cells. According to the results, the differential regulation of the ERS signaling pathway may be one of the molecular mechanisms of the anti-tumor activities of GPM. The same results were also reflected in other pairwise comparisons (Supplementary Figure 3) .
Protein-Protein Interaction (PPI) network of DEGs
Different proteins form complex polymers through complicated interactions to trigger biological processes. Protein-protein interaction network analysis constructs interaction networks for DEG-coded proteins. Based on the results of GO and KEGG enrichment analyses of DEGs, the involvement of ERS signaling pathway regulation was highlighted. DDIT3 is a member of the CCAAT/enhancer-binding protein (C/EBP) family of transcription factors, also known as CHOP, which induces cell apoptosis in response to ERS [16] [17] [18] . In this report, we used the DEGs of HepG2 cells treated with GPM (0.3 mg·mL -1 for 24 hours) to construct a PPI network ( Figure 4C ). DDIT3 was selected as a target gene to build a subnetwork, which includes 12 nodes that those nodes were considered to be associated with DDIT3 functions. The size of the circle indicates the degree of the relationship with DDIT3. For instance, ATF4 (activating transcription factor 4), as a transcription factor, increases the expression of DDIT3.
GPM induces ROS generation and activates unfolded protein response in HepG2 cells
In order to test the effect of GPM on KEGG pathways at the individual gene level, we mapped DEGs in cells treated with GPM on protein processing in ER ( Figure 5A ). Persistent oxidative stress plays an important factor in mediating ERS and may become the inducer of ERS [19] [20] [21] . GPM attenuated the generation of ROS in HepG2 cells ( Figure 5B and 5C) . Herein, Western blot analysis indicated that the PERK signaling pathway of the UPR was activated and significantly up-regulated in a dose-dependent manner ( Figure 5D and 5E). Consistent with our observation in the western blot results, the gene expression levels of CHOP, ATF4, and glucoseregulated protein 78 (GRP78) were up-regulated in cells treated with GPM ( Figure 5F ). Together, these results suggest that GPM can trigger ROS generation in HepG2 cells and activate the PERK signaling pathway. 
Discussion
In the past decade, many traditional Chinese medicines have been applied as anti-tumor agents, and have been characterized by low toxicity and promising therapeutic effects [7] . For instance, the gecko ethanol extract (GEE) has been proven to inhibit the growth of H22 xenograft tumors in vivo and induce apoptosis in vitro [8] . Other studies have demonstrated that GEE can inhibit SiHa cell growth, which may be through the inhibition of cell proliferation, angiogenesis and survival. Another study reported that GEE can reduce the growth of transplanted H22 hepatomas in mice, which may be related to the decreased expression of VEGFA, MMP-2, and p-Erk [9] . Overall, traditional research methods confined the mechanism of traditional Chinese medicine by one or several aspects, unable to systematic and comprehensive expression of its mechanism. Therefore, it is beneficial to study the anti-tumor mechanism effects of GPM by using system biology research methods, such as gene expression profiling. In this study, we not only characterized the potential target genes of GPM by differential gene expression, but also identified potential biological pathways targeted by GPM.
We have verified a series of genes expressions in HepG2 cells treated with GPM. We used q-PCR to validate the results of RNA-seq. As expected, the DEGs, including DDIT3, X-box binding protein 1 (XBP1), activating transcription factor 4 (ATF4), and heat shock protein family A member 5 (HSPA5), were significantly up-regulated by GPM in the cells. These genes were mapped to many signal pathways, of which the ERS signaling pathway is one of the most important signal transduction pathways in the cells. Many studies have shown that the ERS signaling pathway plays an important role in the occurrence and development of tumors [22, 23] . CHOP protein was the one of downstream Effectors of cell apoptosis [24, 25] , which may be responsible for GPM to inhibit the growth of tumor cells. In this study, we also found that some of DEGs involved in cell cycle, such as cyclin dependent kinase inhibitor 1A (CDKN1A), which are significantly up-regulated and regulated by the tumor suppressor protein p53. CDKN1A not only regulates p53-dependent G1 phase cell cycle arrest in response to a variety of stressors, but also plays a regulatory role in DNA replication and DNA damage repair [26, 27] . Interestingly, we also observed that S-phase kinase-associated protein 2 (SKP2), an E3 ubiquitin-protein ligase involved in the ubiquitinmediated proteolysis signaling pathway [28] [29] [30] , was significantly up-regulated by GPM. Microtubule associated protein 1 light chain 3 beta (MAP1LC3B) is a gene involved in autophagy in cancer [31, 32] .
By integrating the data of the digital gene expression spectrum, it seems that ERS is one of the main anti-tumor mechanisms of GPM in HepG2 cells. The ER is an important organelle in eukaryotic cells that can regulate intracellular protein synthesis and folding, intracellular calcium levels and oxidative stress [33, 34] . Persistent stress reactions, such as the formation of ROS, trigger ERS and initiate the UPR [35, 36] . There are three important molecular signal receptors in ER membranes: protein kinase R-like ER kinase (PERK), inosital-requiring enzyme-1 (IRE1) and activating transcription factor 6 (ATF6) [34, [37] [38] . From the gene expression profile, we observed that the DEGs were mainly enriched in protein processing in ER, such as GRP78, ATF4 and CHOP. In the ERS state, the ER membrane molecular signaling sensor PERK were activated, which promoted the dissociation of GRP78 and PERK [32, [39] [40] . Activated PERK increased the phosphorylation of eukaryotic initiation factor 2α (eIF2α), which up-regulated the expression of ATF4. ATF4 increased the expression of CHOP, a pro-apoptotic protein. Notably, prolonged ERS can induce apoptosis [41] . We observed that DDIT3 expression significantly changes in HepG2 cells after treatment with GPM. Moreover, GPM induced ROS generation and increased CHOP expression in HepG2 cells. Also, the expressions of PERK, ATF4 and GRP78 were also increased by GPM. The apoptosis-related proteins PARP and caspase-3 were also up-regulated by GPM.
In summary, we obtain the whole global gene expression profiles of HepG2 cells treated with or without GPM and demonstrate that GPM may inhibit proliferation and induce the apoptosis of HepG2 cells via ERS signaling pathway. 
